This paper describes the application of a combined orthogonal array design and overlapping resolution mapping to the optimization of miceller electrokinetic chromatography for the separation of 10 substituted benzenes. The most important factors were first determined according to an OA16(2 15 ) through 16 pre-designed experiments; a second set of experiments was carried out according to a triangle overlapping resolution mapping scheme, in which 7 pre-planed experiments were executed and global optimum conditions for the separation were obtained.
An appropriate optimization strategy should be used to find good separation conditions in the shortest time and for the fewest of experiments, the strategy should assure the baselineseparation of all components.
Micellar electrokinetic chromatography (MEKC) is based on the differential partitioning of analytes between a micellar phase and a surrounding electrolyte. Here, numerous parameters should be incorporated in the optimizing strategy in order to achieve an adequate separation of complex mixtures within an acceptable analysis time. The preferred method would be to use a simultaneous multivariate optimization approach to obtain the global optimum rather than a local optimum. Several applications of multivariate optimization of the separation in MEKC have been reported, including Plackette-Burman's statistical design, 1 central composite design, 2 response-surface model 3 and simplex design. 4 Orthogonal array design (OAD) and overlapping resolution mapping have recently been applied in many fields. 5 Overlapping resolution mapping (ORM) scheme was first used in high performance liquid chromatography; it could optimize the composition of mobile phases through only 7 experiments. More and more papers were explained how to optimize the separation of capillary electrophoresis. [8] [9] [10] The ORM scheme is a statistical experimental model used to define the region of interest in which the optimum conditions reside. The term ORM used in this investigation implies that the optimum conditions can be achieved by overlapping all resolution plots.
In this paper, we present an alternative optimization strategy, comprising an initial screening using an orthogonal array design with subsequent optimization of significant parameters using a triangle ORM scheme. Thus, the number of experiments needed for further optimization is accordingly reduced. The samples used in developing the proposed strategy consist of 10 substituted benzene compounds.
Experimental
,5-dinitrobenzoic acid, benzoic acid, 2-dinitrochlorobenzene, borate, phosphate, sodium dodecylsulfate (SDS) and HP-β-CD were obtained from Beijing Chemical Regent Co., Ltd. The pH values of the buffer solutions were adjusted with NaOH (0.1 M) or HCl (0.1 M) to a desired value. All solutions were degassed with ultrasonic equipment and filtered through a membrane (0.45 µm) before use. Doubledistilled water was used throughout. All reagents used were of analytical reagent grade. A standard mixture was prepared at a concentration of about 500 ppm in ethanol:water (1:1 v/v).
Apparatus
Capillary electrophoretic experiments were carried out on a capillary electrophoresis system (ACS2000, Beijing, China), equipped with an on-column high-speed scanning UV-Vis detector, data acquisition was done with software ACS2000. The CE capillary was a 60 cm × 50 µm i.d., 375 µm o.d. untreated fused-silica columns (42 cm effective length) obtained from Yongnian Optical Fiber Plant (Yongnian, Hebei Province, China). The temperature of the capillary was kept constant at 21 ± 0.5˚C. We measured the UV absorption of the analytes at 254 nm. For pH measurements, a Model PH-HJ90B pH meter (Aerospace Computer Company, Beijing, China) was employed with a precision of ± 0.01 pH unit.
Software
Calculated results of OAD were obtained using SAS 6.12 software (SAS Institute Inc., Cary, NC, USA), polynomial equation were obtained with Mathematics for Students V2.2 (Wolfram Research Inc., IL, USA), the triangular ORM program was edited by Fortran 4.0 software.
Optimization Strategy
The ten substituted benzene compounds can be divided into three groups. The first group including p-nitrobenzaldehyde and 2-dinitrochlorobenzene is neutral, these are apparently not separated by CZE mode. The second group includes pnitrophenol, o-nitrophenol and o-aminophenol, pKa of which equal to 7.15, 7.23 and 9.28, respectively. The third group consists of 5 different substituted benzoic acids, the pKa values of which range from 2.05 to 4.20. Some of the above studied analytes are positional isomers, which decides the addition of cyclodextrin necessary to form a second cyclodextrin phase and enhance the separation resolution and efficiency. We initially attempted to investigate the effect of 5 parameters including separation voltage, concentrations of buffer, pH, concentration of surfactants (SDS) and cyclodextrin, such factors were likely to affect the quality of the separation according to our knowledge and relative study. 6 For this purpose, a screening experiment was conducted using a two level OAD with an OA16(2 15 ) matrix. Three or morevariable interactions were ignored, since they were much less likely to occur and if they did exist, then they would most likely be of a much smaller magnitude than the main effect. However, it is always possible to have a two-variable interaction (1 × 2, 2 × 6, ··· where 1 × 2 means the interaction between parameters 1 and 2, etc.). In this case, a two-variable interaction is regarded as an independent parameter and assigned to a column in the orthogonal array matrix; the assignment of the parameters, levels and interactions are given in Table 1 .
In the first step, a response function based on information theory 7 was chosen to judge the quality of the electropherogram. If a mixture of n components is separated and the resulting electropherogram is composed of k1 singlets, k2 doublets and kp p-multiplets with Σ(pkp) = n, the contribution of the p-multiplets to the quantity of information is given by the following equation: Ip = (pkp/n)log2(n/p); here pkp/n is the appearance frequency and log2(n/p) is the quantity of specific information obtained by the identification of a component in a p-multiple. The total information contribution (IC) from the chromatogram is the sum of the ICs of each peak group, IC = Σ(pkp/n)log2(n/p). The value of IC varies between zero, all the peaks together (p = n), and log2(n), all the peaks separated (p = 1, kp = n).
It should be noted that the classification of singlet, doublet or triplet is based on the resolution between adjacent peaks. The objective of optimization will be achieved when the resolution (R) of any peak pair is no less than 1 at least, which can assure the least quantitative error.
Experimental

Initial experiments
The results of initial experiments are given in Table 1 . Superiority and inferiority levels of the five factors were estimated by comparing the mean effect of factors at two levels. Table 1 gives the mean effects of these factors at level 1 and level 2, respectively. It is shown that high SDS concentration (40 mmol/L), low voltage (18 kV) and low borate concentration (20 mmol/L) will improve the IC. Additionally, the addition of HP-β-CD and high pH (6.0) will also increase the response function.
In the initial experiment, the IC value varied from 2.466 (Trial 3) to 3.299 (Trials 6, 10). The lowest value indicated the worst separation, which included four singlets and two triplets. The highest value indicated the best separation, which included seven singlets and one doublet. When all components were separated, the IC value would equal 3.522. Therefore, further optimization should be performed.
The analysis of variance (ANOVA) could be conducted for data analysis, here we have calculated the sum of squares (see Table 1 ). The most significant factor was pH which was statistically significant at the 99% confidence level. The next most significant factors were the concentration of SDS at the 95% confidence level. The voltage and concentration of borate have no significant influence on the separation of 10 compounds as a whole. Two-variable interactions are very complicated, here we choose the concentration of CD as the third parameter of next optimization.
Further optimization experiments
The experiment can be further optimized by the best combination of the most significant factors at their best levels. During this process three parameters relevant to the run buffer compositions were chosen according to the experimental results of the first step; these are the concentration of surfactant and the concentration of HP-β-cyclodextrin and pH, for example, in the previous studies, a two-dimensional rectangular ORM approach was easily used for the optimization of two parameters. 8 In order to extend this to optimize three experimental parameters, a triangular scheme was developed. 9, 10 In the triangular ORM scheme in this work, seven experiments were conducted at selected points in a triangle. The coordinates of 7 pre-planned experiments denoted (x1, x2, x3) are arranged as follows: (1, 0, 0), (0, 1, 0), (0, 0, 1), (0.5, 0.5, 0), (0.5, 0, 0.5), (0, 0.5, 0.5), (0.33, 0.33, 0.33). Minimum and maximum values of pH (x1) tested were 6.00 and 8.00, respectively, while those of SDS (x2) and HP-β-CD (x3) were 30 -60 mM and 10 -20 mM, respectively. At any point within the triangle, the sum of three variable values would equal 1 all through.
From the electropherograms obtained with 7 preplanned experiments, the resolution (R) between adjacent peaks was calculated using the equation, R = 2(tR2 -tR1)/(ω1 + ω2), where tR2 and tR1 are the retention times of two adjacent peaks, and ω1 and ω2 are the widths of two adjacent peaks. The R value is shown in Table 2 . These resolution values could be fitted into polynomial equation according to the following equation: 9,10 R = a1x1 + a2x2 + a3x3 + a12x1x2 + a13x1x3 + a23x2x3 + a123x1x2x3, where ai are the coefficients and xi are the percentages of each parameter. With the aid of Mathematica software, the coefficients could be determined. Once the coefficients were known, the resolutions for every adjacent peak pair could be calculated at any buffer composition within the triangle. That is to say, the resolution for each peak pair over the whole parameter space can be predicted and visualized as a resolution map. The optimum separation conditions can then be deduced from an overlay of all the resolution maps.
By subsequently overlapping all 9 peak pairs resolution maps and plotting the lowest resolution amongst all the individual resolution maps, we established areas defining the composition of buffer that would give the desired resolution among all the peaks in the mixture. The diagram resulting from the ORM scheme for 10 substituted benzenes is shown in Fig. 1 . The predicted maximum of all minimum resolution can be calculated with the help of our edited program. The symbol X in Fig. 1 stands for the optimum point (Rpred = 1.44) whose coordinates are x1 = 0, x2 = 30%, x3 = 70%, respectively. To test the validity of this optimization scheme and to obtain the optimum separation, Point X was selected from the diagram to perform the experiments (see Fig. 2 ). The minimum resolution of experiment equals 1.26, which could retain the accuracy of the quantified analysis.
Conclusions
The combination of two systematic optimization schemes for 947 ANALYTICAL SCIENCES JUNE 2003, VOL. 19 the separation of 10 substituted benzene compounds has been successfully demonstrated. The orthogonal array design method was used to perform preliminary screening to identify the important factors affecting resolution, these could be further optimized using triangle ORM. The methods are straightforward and do not require a theoretical model to describe the migration behavior, they can easily be utilized for the optimization of separations of complex mixtures.
